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Introduction
Downstream bioprocessing represents a substantial cost in the production of biopharmaceuticals. Chromatography processes allow separation of proteins based on their size, charge and/or net charge. The most commonly used chromatography separation operations are based on microporous matrices and packed bed columns, which have high protein capacities and present good separation characteristics [1] . However, due to their packed bed format there are several limitations to this approach including cost, bed compression leading to high pressure drop and low mass transfer rates due to the dependence on intra-particle diffusion for the transport of solute molecules to their binding sites within the pores of the media. In practice, these limitations necessitate slow column flow rates [2] . Radial and axial dispersion limitations and channelling arising from formation of flow passages due to cracking of the packed bed further impede operability [1] .
To overcome some of the limitations of packed bed chromatography, synthetic microporous or macroporous membranes have been developed as chromatographic media [1] [2] [3] . In membrane chromatography processes the transport of solutes to their binding sites takes place predominantly by convection, thereby reducing both process time and eluate volume.
As the binding efficiency is largely independent of flow rate, and there is minimal pressure drop across the membranes, separations can be run at high flow rates [3] . Scale up of membrane chromatography is possible due to its modular format.
Here, the use of plastic microcapillary films (MCFs) as a basis for rapid bioseparations is presented. MCFs are a novel microstructured material containing continuous microcapillaries that can be extruded from a range of thermoplastic polymers with different material characteristics in a low cost scalable procedure [4, 5] . In this work MCF was extruded from ethylene-vinyl alcohol copolymer and surface activated for cation exchange chromatography separation of proteins. As with membrane chromatography, transport of solutes to binding sites occurs mainly by convection. This feature, in combination with the low pressure drop for flows through the MCF, enables protein separations to be performed at high flow rates. For MCF's, with no intraparticle diffusion resistance and high film mass transfer rates, the mass transfer resistance is low compared to conventional porous adsorbents. However, the available surface area for protein binding in MCF is substantially lower compared to porous adsorbents.
Scale-up of MCF separations is similar to the linear scale-up of membrane processes.
Throughput is particularly high relative to conventional adsorbents, due to a fundamental difference in the relationship between equilibrium and dynamic binding capacities. With a conventional cation-exchange adsorbent (e.g. SP Sepharose) the total surface area for protein adsorption per unit volume of adsorbent, at 127 m 2 ml -1 [6] is ~4500 times that of an MCF with 142 µm capillaries and surface area 0.028 m 2 ml -1
. For equal ligand densities, conventional adsorbents thus have ~4500-fold higher Equilibrium Binding Capacity (EBC).
However, in bio-manufacturing a significant proportion of this surface is not accessed and the performance determining parameter is not the EBC but the Dynamic Binding Capacity (DBC); the adsorbent capacity during flow.
Whereas conventional columns are operated with low superficial liquid velocities of <300 cm hr -1 , MCF's can be run with superficial velocities up to 330-times higher since no matrix compression occurs and high pressures can be used (up to 50 bar pressure [7] ). For a conventional porous adsorbent under typical operating conditions the overall mass transfer resistance to adsorption [8] is of relative magnitude 240 × EBC. For MCF's, with no intraparticle diffusion resistance and high film mass transfer rates, the overall mass transfer resistance is only of order 0.023 × EBC. Consequently, the rate of protein adsorption can be approximately 5-orders of magnitude higher in MCFs. All ligands are accessible and much higher dynamic binding capacities are obtainable when operated at high throughput.
Additionally, breakthrough curves for MCFs are sharp even at high throughputs [9] . Indeed, when operated with a flow velocity of 160 m htheoretical plates to a 20 cm Sepharose packed column, operated at 100 cm h -1
. MCFs thus provide the ideal plug-flow behaviour that is needed for sharp chromatography breakthrough at high liquid flow rates. MCFs are fabricated from cheap polymer resins using a low cost extrusion process similar to that used for other disposable bioprocessing items (e.g. bags, filter housings and tubing). Materials and processing costs of ~50 pence/m are estimated, such that the cost for a 5 m cation-exchange MCF would be ~£2.50. Module assembly and qualification, sales, distribution and manufacturer's margin would add to this cost to a similar extent as with current membrane and adsorbent technologies. Overall though, whereas MCF units might be physically larger than conventional columns, the manufacturing cost per unit will be significantly lower. Furthermore as the MCF is transparent, the separation can be tracked anywhere along its length.
Material and Methods

Chemicals
Ethylene-vinyl alcohol copolymer (EVOH) containing 32 mol% of ethylene was supplied by Eval Europe (Antwerp, Belgium). NaOH, cyanuric chloride, acetone, Na 2 HPO 4 , MES, TRIS, HCl 3-amino-1-propanesulphonic, chick-egg lysozyme (pI 11, M r 14.3K), Bovine Serum Albumin (BSA)(pI 4.9, M r 67.0K [10] ), bovine cytochrome-c (pI 9.3, M r 12.2K [10] ) were supplied by Sigma-Aldrich (St. Louis, Missouri).
Production of MCF-EVOH disc
An MCF was in-house extruded from ethylene-vinyl alcohol copolymer (EVOH) containing 32 mol% of ethylene following a patented extrusion method described in [11] using the set of temperature recommended by the manufacturer. After that, a 5 m piece of MCF-EVOH was wrapped into a disc to give a compact module ( Figure 1 ) and the two ends connected to an Upchurch 1/4 inch HPLC connector using slow-setting epoxy.
Surface modification of MCF-EVOH disc with SP groups
The internal surface of the microcapillaries in the MCF-EVOH disc was chemically treated to produce a cation exchange chromatography adsorbent using the method of McCreath et al. [12] . Briefly, the 5 m length of MCF-EVOH was first activated by flowing 30 ml ice cold NaOH 
Dynamic binding capacity analysis of a MCF-EVOH-SP disc
The Upchurch ¼ inch HPLC connector glued to each end of the MCF-EVOH-SP disc facilitated its connection to a sample loop valve in a standard Akta chromatography machine as illustrated in Figure 2 . Using this configuration it was possible to control the injection of sample as well as buffer gradients of different salt concentrations through the disc in the same way as standard packed bed columns. All chromatographic protein separations were performed with the plastic disc embedded in an ice bath.
The dynamic binding capacity was analysed to establish the effect of the superficial flow velocity on the chromatographic separation experiments using the newly fabricated 5 m long MCF-EVOH-SP disc with an internal disc volume of ∼1. 
MCF-EVOH-SP surface ligand binding density analysis
The ligand binding density on the internal surfaces of the newly fabricated MCF-EVOH-SP disc was measured using the Langmuir isotherm analysis [13] . The Langmuir equation
states:
Where θ is the fractional coverage of the surface, C is the concentration and α is the diffusion constant. At equilibrium the saturation loading of bound protein is q max , which is related to the amount of bound protein, q, at different starting protein loading concentrations by:
Combining equations (1) and (2): (3) Equation ( 
Proof-of-concept of bioseparations in the MCF-EVOH-SP disc
Potential application of the MCF-EVOH-SP as a new adsorbent for rapid capture of impurities (i.e. subtractive chromatography) was demonstrated by removal of lysozyme as a model impurity from a sample containing BSA. The MCF-EVOH-SP was first equilibrated with running buffer (20 mM Tris-HCl at pH 7.2) then a mixture of 0.5 mg ml -1 BSA and 0.5 mg ml -1 lysozyme in 20 mM Tris-HCl at pH 7.2 was injected into the MCF disc using a 100 µl sample loop at 2.0 ml min The density of ligands introduced to the inner surface of the capillaries in the MCF-EVOH-SP disc was found to be too low for analysis by FTIR or elemental analysis so the Langmuir isotherm analysis had to be used [13] . Egg lysozyme was used as model protein in this experimental set. Figure 6 shows the mass of protein binding, q, achieved on each run at the different protein loading concentrations, C, tested. The line representing the Langmuir isotherm equation can be seen to fit the data very well and gives an equilibrium saturation binding density, q max , from equation (3) , which gives a total of 157 µg in the whole disk. This value is 13% lower than q max obtained, which can be explained by a level of rogosity observed in the inner surface of the microcapillaries in the MCF-EVOH-SP disc (results not shown).
Results and discussion
The binding density value measured is several orders of magnitude lower than those typically obtained for packed bed column media such as ~55 mg ml -1 of SP Sepharose High performance beads (GE Healthcare). This apparent lower binding capacity of the MCF disc per unit volume is largely due to the protein binding the capillary walls as a monolayer in absence of porosity present in standard packed bed media. As a result this MCF chromatography approach is better favoured for high speed analytical applications rather than preparative mode applications.
Two sets of experiments were performed to demonstrate usability of MCF-EVOH-SP in the downstream processing of protein solutions: the first set aimed at "subtractive mode" operation; the second in "separation mode".
In some downstream bioprocess steps it is desirable to remove trace impurities from a solubilised target protein product by adsorbing the impurity to an inert surface which is ideally low-cost and disposable. This is commonly referred to as "subtractive" chromatography. To demonstrate the utility of the novel MCF-EVOH-SP adsorbent produced in this work to subtractive chromatography a model impurity, lysozyme, was removed from a hypothetical bioproduct, BSA. Figure 6A demonstrates the efficient capture and subsequent elution of a 100 µl pulse of lysozyme at a concentration of 0.5 mg ml -1 in the disc. About 97.4% w/w of protein was readily captured in the derivatised disc whilst flowing at high superficial flow velocity. Figure 6B shows a 100 µl pulse of 0.5 mg ml -1 of anionic BSA passing straight through the derivatised disc without binding the activated surface. Figure 6C demonstrates the removal of the model impurity lysozyme from a mixture of BSA allowing the lysozyme to pass directly through the MCF unbound. In this figure, the two proteins were loaded in a single 100 µl pulse each protein at the same 0.5 mg ml -1 concentration. The different peak heights and areas in the chromatograms are related to the higher extinction coefficient of lysozyme at the selected wavelength. The SDS-PAGE analysis of the 1.0 ml sample fractions collected in this experiment at the outlet of the disc is shown in Figure 7 , and confirms that BSA (M r = 67kDa) flows unhindered through the MCF-EVOH-SP during the protein loading step (fractions 1-3). Due to the sensitive silver staining protocol used for visualising the protein bands some lysozyme (M r =14.4 kDa) can be seen in the flow through fraction 3, corresponding to unbound lysozyme breaking through the disc. The chromatogram shown above in Figure 6A has revealed that about 2.6% w/w of lysozyme does not bind, breaking through the disc by the end of the loading stage. Bound lysozyme was subsequently eluted from the MCF disc by introducing a step salt input into the disc, which corresponds to the eluted fractions 6-11 analysed. Some additional protein fragments were detected in fraction 6 possibly from some low level proteolytic activity producing lysozyme cleavage products. Two lanes in the SDS-PAGE show a BSA and Lysozyme control sample run for comparison.
The second set of experiments aimed at testing the feasibility of separating two cationic proteins, lysozyme and cytochrome-c in the cation exchange disc fabricated. In Figure 8A , 100 µl of cytochrome-c at a concentration of 0.1 mg ml -1 was injected into the chromatography disc. About 95.0% w/w of protein bound the disc and eluted upon a application of a linear NaCl gradient. Similarly in Figure 8B , about 95.4% w/w of lysozyme injected in a 100 µl pulse at a concentration of 0.1 mg ml -1 was seen to bind the column and elute from the disc with the same NaCl gradient in the elution step. Figure can be tracked separately with a simple UV area imaging system as a result of the flat external surfaces of the plastic film.
Conclusions
We have demonstrated a novel extruded plastic chromatography substrate can be used in 
